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Introduction 61
Establishing the timescales of magmatic processes associated with large explosive eruptions 62 provides important insights into the dynamics of large-scale crustal magmatic systems and the 63 processes that lead up to eruption. There are two contrasting, but complementary, approaches 64 to measuring these time scales, both of which utilise mineral phases in the eruption products. 65
The first involves direct age dating of crystallization events through such techniques as U-66 series or U-Pb dating of suitable accessory mineral phases, such as zircon, allanite, or titanite 67 (e.g. Schmitt, 2011) or the use of parent-daughter isochrons, such as Rb/Sr techniques in 68 feldspars (e.g. Davies et al., 1994) . The second approach is that of indirect age dating through 69 diffusion modelling of inferred step-changes in compositional characteristics in minerals (e.g. proportion of all crystals allow for the distinction to be made between localised versus 93 system-wide crystal histories. In the case of the Oruanui and post-Oruanui rhyolites from 94
Taupo volcano the zoning in phenocryst phases records common magmatic histories and 95 suggests rapid rejuvenation of crystal mushes and melt accumulation (Allan et al., 2013; 96 Barker et al., 2016) . In addition, there may be disparities in the timescales estimated from 97 different phases recording seemingly common processes (e.g. Chamberlain et al., 2014) and 98 so if zoning within the crystals permits, it is important to consider the timescales from 99 resolved profiles of BSE intensity across crystal zonation boundaries. The linear relationship 175 between the Fe-Mg content of the orthopyroxenes and intensity of backscattering (greyscale 176 value: Supplementary Fig. 1 ) was used to quantify Mg/(Mg+Fe) concentration gradients 177 between the EPMA analytical spots on either side of the diffusion profile. It is assumed that 178 the boundaries chosen for modelling initially had step-wise concentration gradients, which 179 over time at magmatic temperatures were modified by Fe-Mg interdiffusion, and that 180 diffusion ceased upon quenching on eruption, resulting in sigmoidal concentration gradients. 181
Finite-difference software was used to generate a database of simulated sigmoidal diffusion 182 profiles, which obey composition-dependent diffusion under a 1-D (linear) diffusion 183 geometry; these were then adapted to the samples via application of scaling laws using Excel. and Tazzoli (1994) who utilised compositions close to those of this study and also determined 189 a more significant compositional dependence. Indeed, our observation of asymmetric 190 diffusion profile shapes as a function of the composition dependence is completely consistent 191 with the composition dependence proposed by Ganguly and Tazzoli (1994 where C is the normalised concentration of Ti, C 0 and C 1 refer to the initial amounts of the 214 element on each side of an initial interface, D i is the calculated diffusivity in m 2 s -1 , t is the 215 diffusion time and x is the position measured in metres along the profile and centred on the 216 interface (the mid-point of the profile). The difference between modelled profile shape and 217 the input profile were minimised using an Excel macro to get a best-fit profile from which a 218 model timescale could be calculated. 219 220
Parameters and uncertainties 221
It is essential to consider the sources and magnitude of uncertainties in diffusion modelling 222 (Chakraborty, 2008; Costa and Morgan, 2010 determinations, temperature uncertainties of ±30 °C (1σ) were used, based on common 238 thermometry uncertainties (Blundy and Cashman, 2008) . It is possible that temperature 239 fluctuated during the diffusion process, which would have the effect of shortening (higher 240 temperatures) or lengthening (lower temperatures) the modelled timescales. However, there is 241 no evidence from any crystal phase (e.g. oscillatory zoning) for a significant shift in 242 temperature during diffusion of the modelled boundaries and therefore all modelled 243 timescales in this study assume an isothermal history. 244
The uncertainties associated with profile shapes (i.e. the compositional integrity of the 245 BSE images) and the profile lengths (based upon the absolute reliability of the magnification 246 provided by microprobe imaging) were also taken into account, and a conservative value of 247 ±3 % was adopted as a maximum uncertainty on profile lengths. The validity of estimates 248 based on crystal zonation boundaries that display sigmoidal profiles over short (<~5 μm) 249 length scales, implying very short timescales of ≤3 years at the conditions relevant to this 250 study (Table 1) for this effect, the resolution limit was estimated by taking a BSE profile across the edge of 258 orthopyroxene crystals and into the glass selvedge at different image magnifications and 259 resolutions (Fig. 2) . The lower magnification (x120) and resolution image shows a ±1 μm 260 smearing over the edge of the crystal (assumed to be a stepwise boundary). At higher 261 magnification (x370) and resolution this effect is reduced to ±0.25 μm (Fig. 2) . These lengths 262 are ~12% and ~5%, respectively, of the measured diffusion profile lengths, and thus yield 263 uncertainties that are considerably smaller than those associated with the temperature 264 estimates. However, to account for possible convolution effects, the youngest ages (0-3 years) 265 are grouped here as '<3 years'. 266
The finest-scale time scale resolution available for CL images of quartz was estimated 267 by modelling a known sharp contact (crystal edge or crack). This yielded a timescale of 0.5 268 years (at 780 °C), which is thus the shortest resolvable age via CL imaging. Any diffusion-269 based age estimates of <0.5 years are thus unresolvable using CL imaging and are rejected. 270
As with orthopyroxene, all timescales can be considered as maximum ages due to the 271 assumption that the initial boundary had a step-wise concentration gradient. Changing this 272 assumption would only serve to shorten the timescales further. 273 274
Results 275

Textural characteristics of Kidnappers and Rocky Hill orthopyroxenes 276
The zoning within individual orthopyroxene crystals in the Kidnappers and Rocky Hill 277 samples can be complex. There are, however, key overarching textural features that allow 278 crystals to be classified into distinct populations (Table 1 and Supplementary Fig. 2 ). To assess both the primary zonation and diffusion-affected zonation, elemental 291 mapping of selected crystals using EPMA was carried out (Supplementary Figs. 3, 4) . In 292 orthopyroxene, Al has a very slow diffusion rate, Ca is slow, and Fe and Mg have relatively 293 fast diffusion rates (Sautter et al., 1988) . Al can be considered to be effectively immobile over 294 timescales of <10,000 years at the magmatic temperatures applicable to the 295 Kidnappers/Rocky Hill system (Smith and Barron, 1991) and thus closely records the original 296 growth zonation of the orthopyroxene. Blurring in Al content across boundaries parallel to the 297 c-axis is evident, which cannot realistically be attributed to diffusion. Therefore, we conclude 298 that growth must have exerted a strong control parallel to the c-axis when compared to the 299 sharper boundary along the a-or b-axes, which have negligible blurring, and, we infer, 300 negligible growth effects to interfere with the diffusion profiles. 301 302
Fe-Mg diffusion timescales in Kidnappers and Rocky Hill orthopyroxenes 303
Within Kidnappers orthopyroxenes, timescales were modelled across the boundaries 304 perpendicular to the c-axis both between cores and rims, and between intermediate domains 305
and dark outer zones (the latter are common in the KI-3 compositional group). The 306 corresponding boundaries were also modelled within Rocky Hill orthopyroxenes. Commonly, 307
Rocky Hill grains display an additional, BSE-lighter outer rim overgrowing the dark outer 308 zones, and therefore the additional intervening boundary was also modelled (Fig. 3) . Core-rim 309 boundaries cover a spectrum from those with very dark cores found in the interior of the 310 crystal, to broader cores where the boundary is found towards the exterior of the crystal (Fig.  311 3). All modelled diffusion ages across the full range of core-rim boundaries were grouped 312 together, as definite textural distinctions that may represent unique events are difficult to 313 establish. All modelled boundaries were parallel to the a-or b-axes, which display 314 concentration gradients that are consistent with diffusive modification ( Supplementary Figs.  315 
2, 3). 316
Modelled diffusion timescales from core-rim boundaries within the Kidnappers 317 steadily increase in abundance from ~600-150 years, followed by a sharper increase within 318 150 years to a peak at ~20 years before eruption (Fig. 4) . Modelled diffusion timescales from 319 analogous core-rim boundaries within the Rocky Hill show a continuous increase in 320 abundance from ~ 600 to 100 years, followed by a step change in gradient at <100 years to a 321 peak ~ 40 years before eruption (Fig. 4 ). There is a ~20 year difference in peak PDF ages of 322 core-rim zones between the Kidnappers (~20 years) and the Rocky Hill (~40 years). Only 323 three modelled boundaries across very dark cores from both eruptions return significantly 324 older pre-eruptive ages (>600 years). 325
All dark exterior zones from Kidnappers orthopyroxenes were modelled from within 326 the low-SiO 2 (KI-3) pumice group. The number of resulting time estimates range from 30 327 years to within one year of eruption, with a peak PDF age of ~3 years (Fig. 4) . Notably fewer 328 orthopyroxene grains with dark exterior zones are found within the Rocky Hill (Table 1) Oscillatory zoning is commonly truncated by (multiple) resorption surfaces and embayments 348 are also common (Fig. 5) . CL-imaged quartz crystals from the Kidnappers and Rocky Hill 349 pumices were classified into three groups: (1) grains displaying darker rims (lower Ti) and (2) 350 lighter rims (higher Ti), and (3) those with no significant compositional change at the rim 351 (Table 2) . Within a single KI-2 (high SiO 2 ) Kidnappers pumice, grains with darker rims 352 (lower Ti) dominate over those with lighter rims (Table 2) Kidnappers/Rocky Hill magmatic system and are in accord with the corresponding 361 orthopyroxene textural characteristics in the respective pumice types (Table 1) . 362 363
Ti diffusion timescales in Kidnappers and Rocky Hill quartz 364
The complexity of the zoning within Kidnappers and Rocky Hill quartz did not allow 365 for a distinctive zone common to all grains to be modelled, so therefore all zones which 366 displayed a diffusive boundary were considered. Modelled Ti diffusion timescales across 367 boundaries ranging from the core to rim of Kidnappers quartz are all within 31 years of 368 eruption, with the exception of one at 130 yrs. The ages increase from 31 years to a peak at ~5 369 years before eruption (Fig. 6) . Modelled Ti timescales from Rocky Hill quartz are all within 370 42 years of eruption and are very similar to the Kidnappers timescales. The ages peak at ~2 371 years prior to eruption (Fig. 6) . The Ti-in-quartz timescales obtained are comparable to those 372 from orthopyroxene, in particular, those from dark outer zones (Fig. 7) . 373 374 6. Discussion 375
Implications of diffusion timescales from orthopyroxene dark exterior zones 376
Evidence from the presence of BSE-darker exterior zones in orthopyroxene grains, as 377 well as the 'up-temperature' signals recorded in amphibole, plagioclase and matrix glass from 378 the low-SiO 2 Kidnappers (KI-3) pumice group is taken to represent mixing with, or 379 rejuvenation through interaction with, a less evolved and/or hotter melt ( range, but only one crystal returns an age of >600 years before eruption. 72 % of diffusion 418 profiles date to within 200 years of the eruption and suggests that a significant input of 419 orthopyroxene grains (those displaying normal zonation: Supplementary Fig. 2 ) to the final 420 melt-dominant body occurred within centuries (Fig. 8) and that this process peaked only 421 decades prior to the Kidnappers eruption (Fig. 4) recording this process is lower and varies between compositional groups (34-76 %) ( Table 2) , 428
suggesting that additional controls were operating within the Mangakino magmatic system. 429
The proportion of nominally unzoned grains within the Kidnappers ranges between 15 and 51 430 %. These crystals either entirely grew within a melt-dominant body prior to eruption or were 431 introduced into the melt-dominant bodies sufficiently close to the time of eruption so as not to 432 be able to grow a discernible contrasting rim. peak PDF age at ~40 years (Fig. 4) . This ~40 year peak is inferred to correspond to the same 437 peak input of grains ~20 years prior to the Kidnappers eruption. There is a continuity of core-438 rim ages within this ~20 year window, suggesting that there was a sustained movement of 439 crystals from the mush zone to melt dominant bodies during the time break between the two 440 eruptions (Fig. 8) . This feature is particularly marked in orthopyroxenes from the high-SiO on an assumed initial sharp profile. In Rocky Hill orthopyroxenes, analogous zones were 486 modelled at conditions that reflected the outer rim growth of crystals and not necessarily the 487 original conditions under which the dark zone formed (Table 1) . Therefore, we need to rule 488 out the possibility of using lower temperature estimates (765-795 °C) to artificially produce 489 larger age estimates in Rocky Hill orthopyroxenes. If 820 °C was used in calculations of 490 Rocky Hill darker exterior zone ages, the range of modelled ages would be reduced from 10-491 238 to 5-128 years. All modelled Rocky Hill ages (peak PDF at ~7 years) would still be older 492 than the <3 yr peak within the Kidnappers, therefore halving the estimated time-break 493 between eruptions. Therefore the disparities in ages calculated using different temperature 494 estimates are not large enough to substantively change any of our conclusions. 495
Timescales from Fe-Ti interdiffusion within orthopyroxene and Ti-in quartz diffusion 496 calculated using the methods described above are comparable with one another (Fig. 7) . This 497 is in contrast to crystals from the Bishop Tuff (Chamberlain et The timescales obtained from orthopyroxenes and quartz are much shorter than the 508 inferred lifetime of the Kidnappers/Rocky Hill system from zircon U-Pb age spectra (Cooper 509 et al., 2014). The zircon age spectra suggest that the common system was developed over a 510 ~200 kyr period, with a peak crystallization age mode within uncertainty of the eruption age 511 at 1.0 Ma. The age contrasts are a consequence of the processes being recorded by each 512 technique. U-Pb zircon age spectra provide a ~200 kyr record for the overall assembly of the 513 magma system, specifically the time when zircon began crystallizing within the system. In 514 contrast, the orthopyroxene Fe-Mg interdiffusion and Ti in quartz diffusion timescales record 515 assembly of the final melt-dominant bodies and processes of recharge within the magma 516 system. The melt-dominant bodies were largely established <600 years before eruption, with 517 a significant input of material within centuries to decades of each eruption. The timescales we 518 present support the idea that magma in large silicic systems may only have a short time 519 window where it is in a melt-rich state during which it can erupt (e. sharp compositional boundary over the time presented for each profile, using the 737 parameters in Table 1 . 738 
